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The stress-inducible molecules GADD45f and GADD45y
have been implicated in regulating IFNy production in CD4
T cells. However, how GADD45 proteins function has been
controversial. MEKK4 is a MAP kinase kinase kinase that
interacts with GADD45 in vitro. Here we generated
MEKK4-deficient mice to define the function and regula-
tion of this pathway. CD4 T cells from MEKK4—/— mice
have reduced p38 activity and defective IFNy synthesis.
Expression of GADD45f or GADD45y promotes IFNy pro-
duction in MEKK4 +/+ T cells, but not in MEKK4—/—
cells or in cells treated with a p38 inhibitor. Thus, MEKK4
mediates the action of GADD45f and GADD45y on p38
activation and IFNy production. During Thl differentia-
tion, the GADD453/GADD45y/MEKK4 pathway appears
to integrate upstream signals transduced by both T cell
receptor and IL12/STAT4, leading to augmented IFNy
production in a process independent of STAT4.
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Introduction

Stress-activated MAP kinase (MAPK), including p38 and JNK,
regulate a variety of intracellular processes in response to
environmental stresses, growth factors, cytokines, and other
stimuli. p38 and JNK are activated via signaling cascades
involving a MAPK kinase (MAPKK) that is responsible for
phosphorylation of the appropriate MAPK, and a MAPK
kinase kinase (MAPKKK or MAP3K) that phosphorylates
and activates MAPKK (Davis, 2000; Kyriakis and Avruch,
2001). Recent studies have suggested a new mode of p38/JNK
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activation, which involves an interaction between GADDA45
proteins and a MAP3K, MEKK4 (MTK1 in human) (Takekawa
et al, 1997; Takekawa and Saito, 1998). GADD45 proteins
include three closely related members (x, B, and y) that
are transcriptionally induced by environmental stress.
These proteins bind MEKK4 and augment its activity.
Overexpression of each individual GADDA45 protein by tran-
sient transfection activates p38/JNK and causes apoptosis,
which can be partially suppressed by coexpression of a
dominant inhibitory MEKK4 protein. These studies suggest
that GADD45 may mediate activation of the p38/JNK path-
way, through MEKK4, in response to environmental stress
(Takekawa and Saito, 1998).

The function of GADDA45 proteins in regulating stress-
activated MAPK is starting to be explored in the immune
system, with the use of T helper type 1 (Th1) cells as a model
system. Thl cells produce a signature cytokine, IFNy, in
response to antigen receptor challenge or combined stimula-
tion by IL12 and IL18 (Yang et al, 1999). IL12/IL18 stimula-
tion induces high-level expression of GADD45f and
GADDA45y. Retroviral overexpression of GADD45p leads to
sustained p38 activation and enhanced IFNy production in
IL12/IL18-stimulated Thl cells (Yang et al, 2001). A study
from our group has found that GADDA45y is strongly induced
during Th1 cell differentiation (Lu et al, 2001). Thl effector
cells deficient in GADD45y show reduced IFNy production
and p38/JNK activation in response to T cell receptor (TCR)
stimulation. In vivo, GADD45y—/— mice exhibit suppressed
contact hypersensitivity, indicative of the significance of this
protein in regulating immune function (Lu et al, 2001).
Recently, we have generated GADD453—/— mice and demon-
strated that GADD458 is required for MAPK activation and
signaling of both antigen receptor and inflammatory cyto-
kines in T cells (Lu et al, 2004). GADDA45 proteins also appear
to regulate p38/JNK outside the immune system. GADD45a
function was shown to be critical for the maintenance of
sustained p38/JNK activities in UV-irradiated keratinocytes,
and thus represents a key component protecting the skin
against UV-induced tumors (Hildesheim et al, 2002).

However, results from several other studies conflict with
the notion that GADD45 proteins activate p38/JNK through
MEKK4. Notably, JNK and p38 activation by genotoxic stress
occurs significantly earlier than the transcriptional induction
of all three GADD45 members, arguing against a role for
GADD45 in activating p38/JNK (Shaulian and Karin, 1999;
Wang et al, 1999). Transient overexpression of GADD45a
does not cause JNK or p38 activation in several cell lines,
including HeLa, NIH3T3, and COS-7 (Wang et al, 1999). In
contrast, overexpression of GADD45f in 3DO T cells effec-
tively inhibits JNK activation induced by TNFa and hydrogen
peroxide, whereas antisense GADDA45p enhances it (De
Smaele et al, 2001). Furthermore, a recent study has found
that GADD45a binds p38 directly, and is capable of mediating
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H-Ras-induced activation of p38, but not JNK or ERK, in a
pathway apparently independent of MEKK4 (Bulavin et al,
2003). The reason for the discrepancy between these studies
is not clear, but is likely to reflect the multiple functions of
GADD45 proteins in regulating intracellular processes.
GADD45 proteins are known to interact with a number of
nuclear proteins such as proliferating cell nuclear antigen
(PCNA), p21, cdc2, and core histone protein (Smith et al,
1994; Kearsey et al, 1995; Carrier et al, 1999; Zhan et al,
1999), in addition to activating MEKK4 (Takekawa and Saito,
1998). Conceivably, in different cell types and/or stimulation
conditions, GADD45 proteins could preferentially interact
with one or several particular pathways, leading to the
differential regulation of p38/JNK activities and other down-
stream events through distinct mechanisms.

Despite recent advances in our understanding of GADD45
and MEKK4, a critical issue to be addressed is whether
GADD45 and MEKK4 are in the same genetic pathway in
vivo and whether this pathway is physiologically important.
Previous work using dominant-negative MEKK4 is suggestive
but has obvious limitations inherent with the use of the
dominative-negative approach (Takekawa et al, 1997;
Takekawa and Saito, 1998; Yang et al, 2001); for example,
the overexpressed MEKK4 could interfere with other path-
ways nonspecifically by interacting with upstream adaptors
or downstream kinases not physiologically involved with
MEKK4, thus making the interpretation of the results difficult.
To elucidate the relationship between GADD45 and MEKK4
and the functional significance of the MEKK4-dependent
pathway, we created MEKK4-deficient mice. We present
here the first genetic evidence that GADD45 proteins and
MEKK4 are in the same pathway in CD4 T cells. Furthermore,
our study has provided new insights into the regulation and
function of this important pathway during Th1 cell differen-
tiation. Our results suggest that this pathway integrates
signals from TCR and IL12/STAT4 in developing Thl cells
and promotes STAT4-independent production of IFNy.

Results

Generation of MEKK4-deficient mice

We created MEKK4-deficient mice by homologous recombi-
nation in embryonic stem (ES) cells. We designed a targeting
vector in which a lox recombination site was inserted up-
stream of exon 3 in the MEKK4 gene, and a neomycin cassette
(flanked by two lox sites) downstream of exon 3 (Figure 1A).
Correctly targeted ES cells were screened and verified by
Southern blotting, and then used for blastocyst injection.
Offspring from germline chimeras were crossed with splicer
female mice expressing a transgene pTet-Cre (Koni et al,
2001), which caused complete deletion of the neomycin
cassette and exon 3 (Figure 1B). This exon encodes 452 aa
(out of 1597) of MEKK4 protein sequence and contains the
entire GADD45 binding domain. Furthermore, we anticipated
that this targeting strategy would result in a frame shift and
premature termination of the coding sequence downstream of
exon 3 in the MEKK4 protein, including the kinase domain.
Western blotting using two antibodies against the N-and C-
termini of MEKK4 could not detect the expression of MEKK4
protein in MEKK4—/— T cells (Figure 1C), confirming the null
mutation of MEKK4 in MEKK4—/— mice.
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MEKK4 mediates IFNy production in differentiating
Th1 cells

In the progeny from MEKK4 + /— crosses, MEKK4—/— mice
were born with a decreased Mendelian ratio (out of 280 mice
analyzed, 30, 54.6, and 15.4% were MEKK4 +/+, +/—,
and —/—, respectively), indicating that some of them had
died during the embryonic development (to be described
elsewhere). The MEKK4—/— mice that were born live ex-
hibited a slightly reduced body size at a young age, but grew
to adulthood with no other obvious defects. FACS analysis of
the expression of lymphoid markers (including CD4, CDS8,
CD3, B220, and CD19) in the thymus, spleen, and lymph
nodes of MEKK4—/— mice did not reveal major abnormalities
in the development of the immune system. Also, MEKK4 + / +
and —/— T cells had comparable levels of CD25, CD44,
CDG62L, and CD69 expression, suggesting that the homeo-
static status of peripheral T cells is normal in the mutant mice
(data not shown). To analyze the effect of MEKK4 deficiency
on T cell activation, we stimulated CD4 T cells with anti-CD3
and/or anti-CD28, and measured their proliferation and
cytokine production. We observed a similar degree of thymi-
dine incorporation and IL2 production in MEKK4 + /4 and
—/— Tcells (data not shown). These results suggest that TCR
signaling appears to be largely intact in MEKK4—/— primary
T cells.

p38 MAPK is known to have an important role in mediat-
ing IL12-driven IFNy production in developing CD4 T cells
(Rincon et al, 1998; Lu et al, 1999; Zhang and Kaplan, 2000).
In light of a potential role for MEKK4 in regulating p38
activation, we examined whether IFNy synthesis was affected
by MEKK4 deficiency in developing T cells. CD4 T cells were
activated by anti-CD3 and anti-CD28 in the presence of IL12
and anti-IL4 (Thl conditions). After 4 days, the culture
supernatant was harvested and IFNy was measured by
ELISA. As expected, IL12 induced a dose-dependent increase
in IFNy production in MEKK4 + /+ T cells. MEKK4—/— T
cells showed an approximately three-fold reduction in the
IFNy produced (Figure 2A). The reduction in IFNy levels was
detectable at different times, ranging from 3 to 6 days after
primary stimulation (Figure 2B). The decreased IFNy produc-
tion in MEKK4—/— T cells was not due to differences in the
cell number, as MEKK4—/— T cells showed similar or slightly
increased cell number at the end of the culture period (data
not shown). We also measured the expression of IFNy mRNA
by real-time PCR analysis of RNA harvested after 3 and 6 days
of T cell stimulation under Thl conditions. IFNy mRNA was
significantly reduced in MEKK4—/— T cells compared with
MEKK4 + /+ T cells, suggesting that the decrease in IFNy
secretion was a result of reduced expression of IFNy mRNA
by MEKK4—/— T cells (Figure 2C).

In addition, we examined whether MEKK4 contributes to
other functions of IL12 in primary T cells, such as potentia-
tion of T cell proliferation (Trinchieri, 1995). IL12 stimulated
a similar degree of T cell proliferation in MEKK4 + / + and —/—
CD4 T cells, as measured by CFSE labeling analysis
(Figure 2D). These results suggest that MEKK4 regulates
IFNy production but not proliferation in developing Th1 cells.

MEKK4 is important for both TCR and cytokine-induced
IFN~y production in Th1 effector cells

Next, we evaluated the function of MEKK4 in effector cyto-
kine production. We stimulated naive CD4 T cells from
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Figure 1 Generation of MEKK4 mutant mice. (A) Targeting strategy. The targeting vector to replace the endogenous MEKK4 exon 3 sequence
contains a lox site (indicated by the filled arrow) inserted upstream of MEKK4 exon 3, and a neomycin cassette (neo) flanked by two lox sites
downstream of exon 3. Cre-mediated recombination in vivo resulted in the complete deletion of MEKK4 exon 3. Xbal* indicates that the
restriction site was destroyed. (B) Southern blot analysis of genomic DNA from MEKK4 + /+, + /— and —/— mice. DNA was digested with
Ncol and hybridized to the 3’ probe. The wild-type allele is 9.5 kb in length, and the mutant allele (with exon 3 deleted) is 7 kb. (C) Western blot
analysis of activated CD4 T cells from MEKK4 +/+ and —/— mice. Two polyclonal antibodies that recognize the N-terminus (upper panel)
and C-terminus (middle panel) of MTK1/MEKK4 coding sequence were used.

MEKK4 + /+ and —/— mice under Thl polarizing condi-
tions. After 5-6 days of culture, live T cells were harvested,
washed, and restimulated with plate-bound anti-CD3. We
found that, compared with wild-type cells, MEKK4—/— Thl
cells produced significantly reduced levels of IFNy, represent-
ing an approximately 70% reduction (Figure 3A).

Th1 effector cells also produce IFNy in response to com-
bined IL12 and IL18 stimulation, in a pathway independent of
TCR signaling (Yang et al, 1999, 2001). We therefore stimu-
lated Thl effector cells with IL12 and IL18, and measured
IFNy by ELISA. Similar to what we found using anti-CD3
stimulation, MEKK4—/— Th1 cells showed a defect in IFNy
production in response to IL12 and IL18 (Figure 3B). This is
consistent with previous findings by Yang et al (2001) that a
dominant-negative MEKK4 inhibits IL12/IL18-induced IFNy
in Thl cells. Together, these results indicate that MEKK4
plays an important role in effector cytokine production in
response to both TCR and IL12/1L18 stimulation.
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MEKK4 promotes p38 MAPK activation in CD4 T cells

We next examined which intracellular signaling pathway was
affected in MEKK4—/— T cells. The most likely candidate was
that of p38 MAPK, which is known to be an important
positive regulator of IFNy and Thl cell differentiation
(Rincon et al, 1998; Lu et al, 1999; Zhang and Kaplan,
2000). A dominant-negative MEKK4 has been shown to
inhibit p38 activation in several cell lines, although no
genetic evidence has been provided (Takekawa et al, 1997;
Takekawa and Saito, 1998). To measure the activity of p38,
we used an antibody that specifically recognizes the activated
form of the kinase. Thl cells were either left untreated, or
treated with anti-CD3 or IL12/IL18, then harvested for pro-
tein extraction and Western blot analysis. As shown in
Figures 4A and B, there was a low level of constitutive p38
activity in wild-type Thl cells before stimulation. This basal
activity was barely detectable in MEKK4—/— cells. In re-
sponse to anti-CD3 or IL12/IL18 stimulation, p38 activity was
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Figure 2 IFNy synthesis is reduced in differentiating Th1 cells from MEKK4—/— mice. (A) CD4 T cells were activated by anti-CD3, anti-CD28,
anti-IL4, and different doses of IL12 for 4 days, and IFNy levels were measured by ELISA. (B) CD4 T cells were activated as in (A) in the
presence of 2 ng/ml IL12, and IFNy levels were measured by ELISA after 3 and 6 days of stimulation. (C) Real-time PCR analysis of [IFNy mRNA
was performed using RNA isolated from cells after 3 and 6 days of Th1 differentiation. The amount of IFNy mRNA was normalized to that of
HPRT mRNA. (D) CFSE-labeled CD4 T cells were activated under Thl conditions for 3 days, followed by FACS analysis.

rapidly upregulated in wild-type T cells, then gradually
abated. The early phase of p38 activation immediately after
stimulation was slightly reduced in MEKK4—/— T cells. In
contrast, p38 activities were more dramatically reduced in
MEKK4—/— T cells at later time points (Figures 4A and B).
Thus, MEKK4 plays an essential role in the sustained p38
activation in T cells. With a similar approach, we measured
JNK activity and found that it was minimally affected by
MEKK4 deficiency (Figure 4C). These results demonstrate
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that MEKK4 contributes to the regulation of p38, but not JNK,
in T cells.

MEKK4 and p38 are downstream of GADD45p/GADD45y
in CD4 T cells

We noticed that MEKK4—/— Thl effector cells exhibited
defects similar to those of GADD45y—/— and GADD453—/—
mice, namely, the reduction in IFNy production and p38
activation (Lu et al, 2001, 2004). Therefore, MEKK4 may be
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Figure 3 IFNy production is decreased in MEKK4—/— Thl effector
cells. CD4 T cells were activated under Thl conditions for 6 days.
Live cells were purified by Ficoll centrifugation and restimulated
with 5 pg/ml anti-CD3, 0.5 pg/ml anti-CD3 (A) or 2ng/ml IL12 and
20ng/ml IL18 (B). IFNy production was measured by ELISA.

a component of the same signaling pathway as GADD45
proteins in T cells. In order to determine the direct relation-
ship between GADDA458/GADD45y and MEKK4, we over-
expressed GADD453 and GADD45y in MEKK4 + /+ and —/
— Tcells using GFP-tagged bicistronic retroviral vectors (Yang
et al, 2001). We did not analyze the effect of GADD45x here,
as this gene is expressed at low levels in peripheral T cells and
does not undergo significant regulation upon T cell activation
(Lu et al, 2001). Naive CD4 T cells were stimulated under Th1
conditions for 20 h and infected with GFP-RV, GADD453-RV,
or GADD45v-RV. To measure the expression of IFNy at earlier
time points in primary cells, we used an intracellular staining
method as described by Afkarian et al (2002). When gated on
GFP-positive cells, overexpression of GADD453 or GADD45y
in wild-type cells resulted in an approximately 100% increase
in the number of IFNy expressing cells, compared with
control virus (GFP-RV)-infected cells (Figure 5A). There
was no significant difference in IFNy levels in cells gated on
the GFP-negative population (data not shown). In accordance
with our earlier data, the number of IFNy expressing cells
was 60% lower in the MEKK4—/— control group than in the
GFP-RV transduced wild-type cells. Significantly, the increase
in IFNy expression following GADD45f3 or GADD45y trans-
duction in the wild-type cells was completely abrogated in
MEKK4—/— T cells. To verify the intracellular staining result,
we measured IFNy secretion by ELISA from virally infected
cell supernatants. This approach was feasible as we could
achieve a relatively high (more than 50%) transduction
efficiency. Consequently, we were able to detect the effect
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Figure 4 MEKK4—/— Thl cells exhibit defective p38 activation.
CD4 T cells were activated under Thl conditions for 6 days. Live
cells were left untreated, or stimulated with 5pg/ml anti-CD3 or
2ng/ml IL12 and 20ng/ml IL18. Protein extracts were isolated and
analyzed by Western blot using antibodies recognizing phospho-
p38, total p38, actin, phospho-JNK, and total JNK. (A) p38 activities
after anti-CD3 stimulation. (B) p38 activities after IL12/IL18 stimu-
lation. (C) JNK activities after 40 min stimulation by anti-CD3 or
IL12/IL18.

Phospho-JNK

of GADD45 overexpression in a mixed cell population that
included GFP-negative, nontransduced cells. As shown in
Figure 5B, retroviral expression of GADD45B or GADD45y
induced a three-fold increase in IFNy levels in MEKK4 + / +
cells after 4 days, and this effect was entirely lost in
MEKK4—/— cells. These results indicate that MEKK4 is
required for GADD453/GADD4y-induced IFNy production in
primary CD4 T cells.

As MEKK4—/— T cells showed reduced p38 activity, we
tested whether decreasing p38 activity alone had similar
effects as MEKK4 deficiency. We added a specific p38 inhi-
bitor, SB202190, to wild-type cells infected with three types of
viral vectors, and measured IFNy production by intracellular
staining. As shown in Figure 5C, SB202190 treatment of wild-
type cells reduced the production of IFNy in a dose-depen-
dent manner. Addition of 10uM SB202190 eliminated the
effect of GADD458/GADD45y on IFNy production, which
was very similar to MEKK4 deficiency. Thus, the reduced
p38 activation in MEKK4—/— cells may account for the
defective IFNy induction downstream of GADD45f3 and
GADD45y.

We further evaluated whether IFNy production in Thl
effector cells was also regulated by the GADD45f3/
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Figure 5 MEKK4 and p38 are required for GADD45f3 and GADD45y-induced IFNy production. (A) IFNy levels were analyzed by intracellular
staining 2 days after retroviral transduction of MEKK4 + /+ and —/— T cells. (B) IFNy levels were measured by ELISA 4 days after retroviral
transduction. (C) CD4 T cells were treated with SB202190 at the time of viral transduction. After 2 days, IFNy levels were analyzed by
intracellular staining. (D) At 4 days after viral transduction, GFP-positive cells were purified by FACS and restimulated with 2 ng/ml IL12 and

20ng/ml IL18. IFNy was measured by ELISA.

GADD45y/MEKK4 pathway. At 4 days after retroviral infec-
tion, GFP-expressing cells were sorted by FACS, and restimu-
lated with anti-CD3 or IL12/IL18. There were no strong
effects of GADD45fB or GADD45y overexpression on IFNy
production when the wild-type cells were stimulated with
anti-CD3 (data not shown). Thus, we were unable to deter-
mine whether MEKK4 is required for the function of GADD45
under such conditions. In contrast, when wild-type Th1 cells
were stimulated with IL12/IL18, GADD453 or GADDA45y
overexpression led to significantly enhanced production of
IFNy. No such effect was observed in MEKK4—/— cells
(Figure 5D).

Taken together, all these results support the thesis that
GADD45B/GADD45y, MEKK4, and p38 are in the same
genetic pathway that augments IFNy production in both
primary and effector CD4 T cells.

GADD45/MEKK4 induces STAT4-independent IFNy
production

STAT4 is a major intracellular pathway mediating the effect of
IL12 in CD4 Tcells (Kaplan et al, 1996; Thierfelder et al, 1996;
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Usui et al, 2003). Previous studies demonstrated that
GADDA45p and GADD45y induce serine 721 phosphorylation
of STAT4 through the MKK6/p38 pathway. Such a phosphor-
ylation event is critical for the function of STAT4 in Th1 cell
differentiation and IFNy synthesis (Visconti et al, 2000;
Morinobu et al, 2002). Using MEKK4—/— mice that have a
complete abrogation of the effect of GADD45f3 and GADDA45y
on IFNy production, we explored the interaction between
the MEKK4/p38 and STAT4 pathways. CD4 T cells were
activated by anti-CD3 and anti-CD28 for 3 days, extensively
washed, and stimulated with 10ng/ml IL12. As shown in
Figure 6A, IL12 stimulated a similar degree of serine phos-
phorylation of STAT4 in MEKK4 + /+ and —/— cells. As a
control, tyrosine phosphorylation of STAT4 was measured,
which also showed no difference between MEKK4 + / + and
—/— cells. Hence, STAT4 phosphorylation does not require
MEKK4 function.

We then tested whether the ability of the GADD45/MEKK4
pathway to induce IFNy is dependent on STAT4 by expressing
GADDA45B or GADD45y in STAT4—/— CD4 T cells. As in
the previous experiment, we analyzed IFNy production in
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Figure 6 GADD45/MEKK4 induces STAT4-independent IFNy production. (A) CD4 T cells were activated by anti-CD3 and anti-CD28 for 3 days.
After washing and resting for 4 h, they were stimulated with 10 ng/ml IL12, and protein extracts were isolated at the times indicated. Western
blot analysis was performed using antibodies against serine phosphorylated, tyrosine phosphorylated, and total STAT4. (B) STAT4—/— CD4 T
cells were transduced with retroviruses, and analyzed by intracellular staining for IFNy levels after 2 days. (C) STAT4+/+ and —/— CD4 T
cells were transduced with retroviruses, and GFP-positive cells purified after 4 days were stimulated with 5 pg/ml anti-CD3 or 2 ng/ml IL12 and

20ng/ml IL18. IFNy was measured by ELISA.

primary T cells by intracellular staining 2 days after viral
transduction. A moderately increased number of STAT4—/—
CD4 T cells expressed IFNy after infection with GADD453-RV
or GADD45vy-RV virus, compared with control GFP-RV virus.
IFNy levels in effector cells were measured by ELISA after
restimulating the sorted, GFP-positive population. As shown
in Figure 6C, when STAT4—/— Thl cells were restimulated
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with anti-CD3, control cells expressing GFP alone synthesized
10 ng/ml IFNYy, while GADD45f or GADD45y-expressing cells
produced 30ng/ml IFNy. Upon combined IL12 and IL18
stimulation, control cells produced 2ng/ml IFNy, while
GADD45p or y-expressing cells produced 5-6ng/ml IFNy.
Thus, GADD458 or GADD45y overexpression yields STAT4-
independent IFNy production.
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Expression of GADD45p and GADD45 is differentially
regulated by STAT4

The experiment shown above indicates that STAT4 is not
required downstream of the GADD45/MEKK4 pathway.
However, as GADD453 and GADD45y are induced after T
cell activation, especially under Thl conditions (Lu et al,
2001), it is possible that STAT4 plays a role upstream of this
pathway. We therefore assessed the requirement for STAT4 in
the induction of GADD45f and GADD45y. We activated wild-
type and STAT4—/— CD4 T cells with anti-CD3 and anti-CD28
under Th1 (IL12 and anti-IL4) or neutralized (anti-IL12 and
anti-IL4) conditions. Expression of GADD45f3 and GADDA45y
mRNA was analyzed by Northern blot after 60 h. We found
that GADD45p and GADD45y induction displayed differential
regulation by STAT4. As shown in Figure 7A, the expression
of GADD458 was independent of exogenous IL12 stimulation,
and only slightly reduced in STAT4—/— T cells under Thl
conditions, suggesting that its induction is largely driven by
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Figure 7 Expression of GADD45f and GADDA45y is differentially
regulated by STAT4. (A) CD4 T cells from wild-type and STAT4—/—
were activated by anti-CD3 and anti-CD28 under Thl conditions
(2ng/ml IL12 and 10pg/ml anti-IL4) or neutralized conditions
(anti-IL12 and anti-IL4) for 60h. Lane 1: WT naive T cells. Lane
2: WT Thl cells. Lane 3: STAT4—/— Th1l cells. Lane 4: WT cells
activated under neutralized conditions. Lane 5: STAT4—/— cells
activated under neutralized conditions. Note the loading difference
between Thl and neutralized conditions. (B) A diagram for the
regulation of the GADD45/MEKK4 pathway in CD4 T cells.
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TCR activation. In contrast, GADD45y induction required
IL12/STAT4: the GADDA45y level was significantly higher in
IL12-treated cultures, and this increase was blocked in
STAT4—/— cells. This result indicates that GADD45y induc-
tion requires STAT4 signaling, while GADDA45f expression is
largely STAT4 independent.

Discussion

Previous studies have produced conflicting results concern-
ing the relationship between GADDA45 proteins and the
MEKK4-mediated MAPK pathway. Using Thl cells as a
model system, we have provided the first definitive evidence
that GADD458/GADD45y and MEKK4 are in the same genetic
pathway. Our conclusion is based on the following observa-
tions. First, MEKK4—/— mice had phenotypes similar to
those in the GADD45y—/— and GADDA453—/— mice (Lu
et al, 2001, 2004). CD4 T cells from these genetically modified
mice expressed reduced levels of effector cytokine IFNy
accompanied by compromised activation of p38 MAPK.
Second, by retroviral transduction, we demonstrated that
while GADD45f3 and GADD45y can drive the expression of
IFNy in MEKK4 + / + cells, this ability is completely lost in
MEKK4—/— cells, indicating that MEKK4 is downstream of
GADD458 and GADDA45y. Furthermore, a specific p38 inhi-
bitor can block the IFNy-promoting effect of GADD45f and
GADDA45y. Thus, the defective p38 activation in MEKK4—/—
cells likely accounts for the inability of these cells to support
GADDA45 protein-induced IFNy production.

It is important to note that MEKK4—/— T cells still had
significant levels of p38 activity immediately after acute
stimulation, suggesting the presence of an alternative path-
way(s) for activating p38 in CD4 T cells. This correlates with
partial inhibition of IFNy in MEKK4—/— cells, as p38 inhi-
bitor further reduced IL12-induced IFNy production in
MEKK4—/— cells (data not shown). MEKK4—/— T cells
showed a more dramatic reduction of p38 activity at delayed
time points, indicating that the major function of MEKK4 is in
the maintenance of sustained p38 activation. This most likely
reflects the fact that the upstream regulators of MEKK4,
GADD45f and GADD45y, require transcriptional induction.
Such phenomena have been observed in other systems. For
example, TGFp treatment of pancreatic cells and hepatocytes
leads to delayed activation of p38, which is mediated by
Smad-dependent expression of GADD45f (Takekawa et al,
2002; Yoo et al, 2003). Similarly, GADD45« is induced in
keratinocytes exposed to UV radiation and plays an indis-
pensable role in the late but not early phases of p38/JNK
MAPK activation (Hildesheim et al, 2002). An alternative
explanation is that GADD45/MEKK4 may inhibit the expres-
sion of p38 phosphatases. We have analyzed the mRNA
levels by RT-PCR of three prominent p38 phosphatases,
MKP1 (DUSP1), MKP5 (DUSP10), and M3/6 (DUSP8)
(Camps et al, 2000; Theodosiou and Ashworth, 2002), in
the MEKK4 + /+ and —/— T cells. M3/6 was undetectable
in either cell type, while MKP1 and MKP5 were expressed at
similar levels between MEKK4 + / + and —/— cells (data not
shown). Therefore, it seems unlikely that MEKK4 regulates
the expression of these phosphatases.

Interestingly, MEKK4—/— T cells show a different pheno-
type than GADD453—/— and GADD45y—/— cells with regard
to JNK activation. While GADD453—/— or GADD45y—/—
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Th1 cells display reduced activation of JNK (Lu et al, 2001,
2004), JNK activity is apparently normal in MEKK4—/— T
cells. The simplest explanation is that GADD45y may regulate
JNK through another related MAP3K, or more likely, an
indirect mechanism. As GADD45 proteins can affect chroma-
tin structure and interact with multiple nuclear proteins and
transcription factors (Smith et al, 1994; Kearsey et al, 1995;
Carrier et al, 1999; Zhan et al, 1999; Yi et al, 2000), they play
an important role in affecting cell cycle progression and
possibly gene expression, which in turn could lead to altered
JNK activity (and other biochemical and physiological
changes). Such an activity of GADDA45 is unlikely to be
mediated by MEKK4. The MEKK4-independent function of
GADD45 offers a potential mechanism for the effect of
GADD458 in inhibiting JNK activity (De Smaele et al, 2001).

Another new conclusion to arise from this study is that the
MEKK4 pathway plays an important role in inducing STAT4-
independent production of IFNy. We have found that serine
and tyrosine phosphorylation of STAT4 is unaffected by
MEKK4 deficiency, and that overexpression of GADD45 in-
duces IFNy production in STAT4—/— cells. Thus, GADD45/
MEKK4 represents a new pathway that may mediate STAT4-
independent development of Thl cells (Kaplan et al, 1998).
Future work to identify the downstream molecules targeted
by this pathway will provide novel insights into our under-
standing of how Thl cells develop in a STAT4-independent
manner. Candidate downstream targets of p38 regulation in T
cells include transcription factors of the ATF and NFAT
families (Zhang and Kaplan, 2000; Wu et al, 2003).
Recently, p38-dependent phosphorylation of histone H3 has
been shown to promote the recruitment of NF-«B, leading to
the activation of certain cytokine genes (Saccani et al, 2002).
As Th1 cell development is associated with remodeling of the
chromatin structure of the IFNy locus (Avni et al, 2002; Fields
et al, 2002), p38 may also play a significant role in this
epigenetic process.

We have noted that our conclusion is in apparent conflict
with earlier work indicating that serine 721 phosphorylation
of STAT4 mediated by p38 is critical for IFNy production
and Thl cell development (Visconti et al, 2000; Morinobu
et al, 2002). However, as there is residual p38 activity
in MEKK4—/— T cells, it is possible that a GADDA45/
MEKK4-independent pathway(s) is sufficient serine phos-
phorylation of STAT4. One potential candidate is Rac2, a
small G protein specifically expressed in Thl cells that has
the capacity to activate p38 and induce IFNy production (Li
et al, 2000). It will be interesting to examine whether the
function of Rac2 in this process requires the phosphorylation
of STAT4.

In light of the STAT4-independent IFNy production by
GADD45/MEKK4, it becomes all the more intriguing to find
that the expression of GADD45B and GADDA45y is differen-
tially regulated by STAT4. The GADD458 level is rapidly
increased upon TCR stimulation (Lu et al, 2004), and this
induction is largely independent of IL12/STAT4 signaling. In
contrast, IL12/STAT4 signaling plays an essential role in the
induction of GADD45y expression. Thus, despite the fact that
upon overexpression, both GADD45B and GADD45y can
augment IFNy expression, their function in vivo may be
distinct. It is likely that GADD45f3 mediates an early phase
of IFNy production induced by TCR, while GADD45y plays a
role in the late stage of IFNy synthesis downstream of IL12/
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STAT4. This proposal is consistent with a two-step T cell
differentiation model (Avni and Rao, 2000; Avni et al, 2002;
Fields et al, 2002): First, TCR stimulation of naive T cells
initiates chromatin remodeling and transcription of IFNy (and
Th2 cytokine IL4), independent of the cytokine milieu.
Second, IL12/STAT4 signals drive the expansion of uncom-
mitted cells and lead to the development of Th1 effector cells.
As MEKK4 is downstream of both GADD45f and GADD45y, it
appears to play an important role in integrating these signals
during Th1 cell differentiation (Figure 7B).

In the current study, we found that Th1 effector cells from
MEKK4—/— mice exhibit a defective response to both TCR
and cytokine (IL12/IL18) stimulation. This finding differs
from the results reported by Yang et al (2001), which suggests
that GADD45p and MEKK4 mediate only IL12/IL18-induced,
but not TCR-induced IFNy production. Indeed, we also found
that GADD45 overexpression had no strong effect on IFNy
levels in effector cells restimulated with anti-CD3, which
could lead to the conclusion that GADDA45 proteins play no
role in the TCR signaling. However, under such conditions
endogenous GADD45 proteins are strongly upregulated (Lu
et al, 2004) and could obscure the effect of exogenously
expressed GADD45 proteins. Consistent with this notion,
retroviral expression of GADDA45 proteins in STAT4—/— T
cells, in which expression of endogenous GADDA4S5 proteins is
reduced, resulted in significantly increased IFNy production
after TCR stimulation. Importantly, when the endogenous
components of the GADD45/MEKK4 pathway are disrupted,
as in GADD45B8—/—, GADD45y—/—, and MEKK4—/— mice
(Lu et al, 2001, 2004), Thl effector cells have impaired
responses to both TCR stimulation and IL12/IL18, supporting
that this pathway is downstream of both TCR and IL12/IL18
in mediating effector cytokine expression.

Materials and methods

Generation of MEKK4—/— mice

The mouse MEKK4 gene was isolated from a 129/SvE mouse
genomic library arrayed in high-density membranes (Research
Genetics), using a human MEKK4/MTK]1 cDNA probe. The targeting
vector contained, in order, a 4.6-kb HindIll-Xbal fragment 5’ to
MEKK4 exon 3, a lox recombination site, a 2.4-kb Xbal-Xmnl
fragment containing MEKK4 exon 3, a neomycin cassette flanked by
two lox sites, and a 5.5-kb XmnI-Notl fragment 3’ to exon 3
(Figure 1A). The Easy-Flox vector (a gift from Dr K Rajewsky) was
used as the backbone to construct the targeting vector. The targeting
vector was electroporated into TC1 ES cells, and drug-resistant
clones were initially screened with Southern blot analysis of Xbal-
digested DNA using a probe that is 5’ to the MEKK4 genomic
sequence contained in the targeting vector (data not shown). The
candidate ES cell clones were expanded and verified by Southern
blot analysis of Ncol-digested DNA using a probe that is 3’ to the
genomic sequence contained in the targeting vector (Figure 1B).
Two independent targeted ES cell clones were injected into C57BL/6
blastocysts. Chimeras were bred with splicer female mice on a
C57BL/6 background (Koni et al, 2001) for germline transmission
and the Cre-mediated in vivo deletion of MEKK4 exon 3 and the
neomycin cassette. Age- and sex-matched MEKK4 + /+ and —/—
mice on a mixed C57BL/6 x 129SVE background were used in this
study.

Mouse strains

C57BL/6 and BALB/C mice were purchased from the National
Cancer Institute, and STAT4—/— mice from The Jackson Labora-
tory.
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T cell culture

CD4 T cells were isolated from spleens and lymph nodes of 6-10-
week-old mice. Briefly, the CD4 T cells were first enriched by
immunomagnetic negative selection using antibodies against CD8,
MHC class II, and NK1.1, and magnetic beads conjugated with
goat anti-mouse and anti-rat Ig (Polysciences, Inc.). Naive
CD62LME"CD441°VCD4 + T cells were further purified by FACS
sorting. For Thl cell differentiation, the purified CD4 T cells were
stimulated with 5pg/ml anti-CD3 (145-2C11), 2 pg/ml anti-CD28
(37.5.1), 30U/ml human IL2, 2ng/ml IL12 (a gift from Wyeth
Research), and 10pug/ml anti-IL4 (11B11) in the presence of
irradiated splenocytes. After 5-6 days of T cell differentiation, live
effector cells were obtained by Ficoll centrifugation and restimu-
lated with plate-bound anti-CD3 or combined IL12 (2ng/ml) and
IL18 (20ng/ml). CFSE labeling was performed as described
elsewhere (Lyons, 2000).

Retroviral constructs and transduction

The original retroviral vector (GFP-RV) was kindly provided by Dr K
Murphy (Washington University, St Louis, MO). GADD45f and
GADDA45y were amplified by RT-PCR and subcloned as described in
Yang et al (2001). Phoenix-Eco packaging cell line was transfected
using Lipofectamine 2000 (Invitrogen), and the resulting retrovirus
was harvested 48 and 72h later. Primary T cells were stimulated
under Thl conditions for 20 h before being infected with retroviral
supernatants. At day 4-5, GFP-positive populations were sorted and
restimulated.

Intracellular staining

Monensin (GolgiStop from Pharmingen) was added in the final 4h
of T cell activation. Cells were surface stained, fixed in 4%
paraformaldehyde for 10 min, and permeablized by 0.1% saponin.
The staining was performed with anti-IFNy antibody (PE or APC
conjugated, Pharmingen) in 0.1% saponin. Cells were washed and
subjected to FACS analysis.

ELISA

Cytokine levels in tissue culture supernatants were assayed by
ELISA using the antibody pair for IFNy (Pharmingen) according to
the manufacturer’s recommendations.

Production of anti-MTK1/MEKK4 antibodies

Rabbit polyclonal anti-MTK1/MEKK4 antibodies (anti-MTK1-N and
-C) were raised against GST-MTKI1 fusion protein corresponding to
aa 58-415 mapping at the amino terminus of human MTK1 and a
synthetic peptide derived from the carboxy-terminus of MTK1 (aa
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